Introduction: Adiponectin, a hormone produced exclusively by adipose tissue, is inversely associated with insulin resistance and proinflammatory conditions. The aim of this study was to find quantitative trait loci (QTLs) that affect circulating levels of adiponectin in Hispanic children participating in the VIVA LA FAMILIA Study by use of a systematic genome scan. Methods: The present study included extended families with at least one overweight child between 4 and 19 years old. Overweight was defined as body mass index (BMI) 95th percentile. Fasting blood was collected from 466 children from 127 families. Adiponectin was assayed by radioimmunoassay (RIA) technique in fasting serum. A genome-wide scan on circulating levels of adiponectin as a quantitative phenotype was conducted using the variance decomposition approach. Results: The highest logarithm of odds (LOD) score (4.2) was found on chromosome 11q23.2-11q24.2, and a second significant signal (LOD score ¼ 3.0) was found on chromosome 8q12.1-8q21.3. In addition, a signal suggestive of linkage (LOD score ¼ 2.5) was found between 18q21.3 and 18q22.3. After adjustment for BMI-Z score, the LOD score on chromosome 11 remained unchanged, but the signals on chromosomes 8 and 18 dropped to 1.6 and 1.7, respectively. Two other signals suggestive of linkage were found on chromosome 3 (LOD score ¼ 2.1) and 10 (LOD score ¼ 2.5). Although the region on chromosome 11 has been associated with obesity and diabetes-related traits in adult populations, this is the first observation of linkage in this region for adiponectin levels. Our suggestive linkages on chromosomes 10 and 3 replicate results for adiponectin seen in other populations. The influence of loci on chromosomes 18 and 8 on circulating adiponectin seemed to be mediated by BMI in the present study. Conclusion: Our genome scan in children has identified a novel QTL and replicated QTLs in chromosomal regions previously shown to be linked with obesity and type 2 diabetes (T2D)-related phenotypes in adults. The genetic contribution of loci to adiponectin levels may vary across different populations and age groups. The strong linkage signal on chromosome 11 is most likely underlain by a gene(s) that may contribute to the high susceptibility of these Hispanic children to obesity and T2D.
Introduction
The hormone adiponectin is produced exclusively by adipose tissue and has insulin-sensitizing and anti-inflammatory properties. As opposed to other adipose tissue products, low circulating levels of this protein are associated with obesity, type 2 diabetes (T2D) and the metabolic syndrome.
1,2 Consistent negative correlations between adiponectin, insulin resistance and inflammatory states have been reported. 1 These latter two conditions improve after weight loss with concomitant increase of adiponectin levels. 3 Adiponectin structure is similar to tumor necrosis factor-a and seems to have a counter-regulatory activity with respect to this proinflammatory cytokine. 4 As observed in adults, obese children and adolescents have lower adiponectin levels than their normal weight counterparts, and serum adiponectin is positively correlated with insulin sensitivity and high-density lipoprotein, and negatively to fasting proinsulin and proinsulin/insulin ratio. 5 A study by Reinehr et al. 6 found that weight loss in children is associated with a significant increase of circulating adiponectin and a decrease of insulin resistance. A significant heritability for adiponectin levels in Hispanic children has been previously reported by our group. ). Adiponectin differed by age (P ¼ 0.001), sex (P ¼ 0.04) and weight (P ¼ 0.001). Numerous investigations have analyzed the genetic component of obesity and T2D-related phenotypes in humans and other species. 8 Kissebah et al. 9 conducted linkage analyses on phenotypes of the metabolic syndrome, including body weight, hip and waist circumference, insulin and leptin levels. The multipoint linkage analyses of these phenotypes identified significant logarithm of odds (LOD) scores on chromosome 3 at 189-203 cM. Vasseur et al. 10 The present study is the first linkage analysis on circulating levels of adiponectin in children. The aim of the present investigation was to find quantitative trait loci (QTLs) that affect circulating levels of adiponectin in Hispanic children participating in the VIVA LA FAMILIA Study by use of a systematic genome scan.
Materials and methods
Study design and subjects Genetic and environmental factors influencing fasting serum adiponectin were investigated in a subsample of 466 children from the 1030 enrolled in the VIVA LA FAMILIA Study, which was designed to genetically map childhood obesity in the Hispanic population. Each family was ascertained on an overweight proband between the ages 4 and 19 years using a bivariate ascertainment scheme (i.e., 95th percentile for body mass index (BMI) and 85th percentile for fat mass. Once identified, the overweight proband and all siblings, 4-19 years of age, and their parents were invited to the Children's Nutrition Research Center for a tour and full explanation of the study. All children and their parents gave written informed consent. The protocol was approved by the Institutional Review Board for Human Subject Research for Baylor College of Medicine and Affiliated Hospitals.
The overweight proband and all siblings were then characterized for body size, and endophenotypes associated with the development of obesity. Here, we report our findings on the linkage analysis using adiponectin levels as a phenotype.
Phenotyping
Body weight was measured with a digital balance and registered to the nearest 0.1 kg. and height to the nearest 1 mm was measured with a stadiometer. Fasting serum adiponectin levels were measured by radioimmunoassay (RIA) (Linco Research Inc., St Charles, MO, USA).
Genotyping
The 760 participants (children and their parents) were genotyped in the present study. DNA was isolated from whole blood using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA). To genotype each participant, we used the autosomal markers from the ABI PRISM Linkage Mapping Set-MD10 Version 2.5 (Applied Biosystems, Foster City, CA, USA). This mapping set consists of fluorescently labeled polymerase chain reaction (PCR) primers that amplify dinucleotide single tandem repeats (STRs) selected from the Genethon human linkage map. 15 The set is designed to create a map with markers spaced an average of 10 cM apart (range 2.4-24.1 cM). DNA from study participants was arrayed on 384-well PCR plates using the Robbins Hydra-96 Microdispenser (Sunnyvale, CA, USA). Each marker was amplified in a separate PCR reaction to avoid the preferential amplification that can occur in combined reactions. PCR reactions used the True Allele PCR Premix (Applied Biosystems), and amplification occurred in Applied Biosystems 9700 thermocyclers, according to the manufacturer's specifications. After PCR, the products of separate PCR reactions, for each individual, were pooled using the Robbins Hydra-384 microdispenser, and a labeled size standard was added to each pool. The pooled PCR products were loaded into an ABI PRISM 3100 Genetic Analyzer for laser-based automated genotyping. The STRs were detected and quantified by fluorescent emissions, their sizes were estimated by comparison with the labeled size standard and genotypes were scored using the Genotyper software package (Applied Biosystems). Pedigree errors were detected using PREST (pedigree relationship statistical tests), 16 which employs likelihoodbased inference statistics for genome-wide identity-bydescent (IBD) allele sharing. Pedigree errors were resolved by making changes to the existing pedigree structure that required the fewest assumptions and that were consistent with the genetic data. likelihoods produces a LOD score that is the equivalent of the classical LOD score of linkage analysis. Twice the difference in log e likelihoods of these models yields a test statistic that is asymptotically distributed as a 1 2 mixture of a w 2 variable with 1df and a point mass at zero. 19 A genome scan was conducted in SOLAR using adiponectin levels as a phenotype and sex, age, age 2 and their interactions as covariates. Empirical LOD score adjustment was conducted by the method described by Blangero et al.
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The effect of BMI-Z score was tested by including it as a covariate and repeating the genome scan. The chromosomal region investigated for positional candidate genes was defined as the 1 LOD score unit support interval. The selection of positional candidate genes was conducted using the NCBI map viewer database.
Results
The present study included a total of 466 children from 127 families, with approximately 50% each of boys and girls in the sample. Descriptive data of the cohort are shown in Table 1 . 7 In the present study, the effect of this variable was not significant after adjustment for sex, age and BMI-Z score. Mean fasting serum levels of adiponectin was 13.3 mg/ml in boys and 15.4 mg/ml in girls with a significant heritability of 0.9370.10 (P ¼ 2.4 Â 10 À40 ). 7 Results of the linkage analysis are shown in Figure 1 . The highest LOD score was observed on chromosome 11q23-24 between markers D11S925 and D11S968, with an 1 LOD support interval from 116 to 152 cM (LOD ¼ 4.2). A second signal was identified on Figure 1 String plot of fasting serum adiponectin in Hispanic children using sex, age and age 2 as covariates. LOD scores were empirically adjusted using simulations.
Linkage analysis of circulating levels ME Tejero et al chromosome 8, between markers D8S1771 and D8S1784 (43-112 cM, LOD ¼ 3.0), and finally a signal suggestive of linkage was observed on the region D18S61-D18S1161 on chromosome 18 (LOD ¼ 2.6).
After adjustment for BMI-Z score (Figure 2 ), the signal on chromosome 11 remained unchanged; however, the signal dropped on chromosomes 8 and 18 to LOD scores of 1.6 and 1.8, respectively. Two other regions suggestive of linkage were found on chromosomes 3 and 10. On chromosome 3, suggestive linkage was found between markers D31285 and D3S1271 (100-130 cM) with an LOD score of 2.1, and on chromosome 10 a signal was detected between D10S547 and D10S197 (29.15-52.0 cM) with a LOD score of 2.5. Figure 3 shows the marker distribution and second genome scan on chromosome 11. Other regions showing LOD scores 41.0 were found on chromosomes 5q (1.4), 19q (1.5) and 20q (1.4).
Discussion
Few linkage studies on childhood obesity and related phenotypes have been conducted until now. The present study represents the first genome-wide search for adiponectin levels in children. This population is at high risk for the development of obesity-related comorbidities, such as T2D. The children in this investigation showed significant metabolic abnormalities in association with excessive adiposity, as reported previously. 21 Given the high heritability of fasting serum adiponectin, and its inverse associations with insulin resistance, dyslipidemia and blood pressure in the VIVA LA FAMILIA Study, 7, 21 and the high prevalence of obesity and T2D in the United States Hispanic population, 22 we sought to identify genetic loci contributing to circulating adiponectin in Hispanic children. Previous investigations have found significant linkage for adiponectin in adults (Table 3) . [11] [12] [13] [14] The present analysis identified three new regions on chromosomes 11, 8 and 18 linked to adiponectin levels in Hispanic children, and replicated two regions on chromosomes 3 and 10 reported in adults. Our strongest linkage for fasting serum adiponectin was on chromosome 11 and its strength was not diminished after adjustment for BMI-Z score. Although this is the first identification of a linkage signal on chromosome 11 for adiponectin, this chromosomal region has been linked with obesity and diabetes-related traits (Table 4) . Stein et al. 23 identified moderate evidence for linkage on chromosome 11 near marker D11S2008) using five components of the metabolic syndrome. Their analysis confirmed observations by other investigators who reported significant linkage of body size, 24 diabetes mellitus 25 and insulin resistance 26 to chromosome 11q. Significant linkage to chromosome 11q was found for obesity in subjects with T2D in a study of siblings by Van Tilburg et al. 27 After fine mapping this Linkage analysis of circulating levels ME Tejero et al Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; LOD, logarithms of odds; NPL, non-parametric linkage; QTL, quantitative trait loci; SBP, systolic blood pressure.
Linkage analysis of circulating levels ME Tejero et al region, they found a LOD score of 2.4 on chromosome 11q14-q24 using BMI as a phenotype. The combined phenotype 'diabesity' had a highly significant LOD score of 5.2 at 11q23-24 in Pima Indians. This study reported 455 SNPs associated with BMI and a second region harboring a cluster of SNPs related to diabetes in this population. This group sequenced 11 physiological candidate genes in this region encoding serotonin receptor, dopamine receptor, three apolipoproteins, three zinc-finger proteins, two potassium-channel proteins and glucose-6-phosphate transferase. None of these candidates had nucleotide variants that account for the linkage signal for BMI and diabetes. 28 One of the candidates in the 11q23-24 region is the dopamine D2 receptor gene (DRD2 35 Most of these new candidates seem to be associated to the immune response.
Our genome scan replicated linkage findings in adults. The QTL on chromosome 3 for adioponectin was previously reported in Pima Indians 13 and Hawaiian Japanese adult subjects. 14 In contrast to our study, adjustment for BMI did not alter their LOD scores. Other phenotypes such as BMI and blood pressure have been linked to this chromosome 3 region. 36, 37 The region localized on chromosome 10 has been linked to adiponectin levels in Pima Indians, 13 White
Americans of northern European ancestry 11 and Old Order Amish. 12 In addition, linkage has been reported for other obesity-related phenotypes on this chromosomal region in numerous studies, including a previous investigation in children and adolescents. 38 The region found on chromosome 8 between markers D8S1771 and D8S1784 has shown significant linkage with the phenotypes BMI 39 and leptin. 40 A study by Frayling et al. 41 identified a locus on chromosome 8q21 linked to early-onset T2D in a study conducted in the United Kingdom. The region on chromosome 18 has been linked to BMI in a previous study in Caucasians of northern European background. 9 The investigation by Chuang et al. 14 identified significant linkage signals for adiponectin levels in Hawaiian Japanese population on chromosomes 18p and 15p (Table 6 ). The signals on chromosome 18 were located at 24 and 41 cM and do not overlap the region found in our study. That study reported that the LOD score on chromosome 18 remained unchanged after adjustment for age, sex and BMI, whereas the signal on chromosome 15 decreased from 3.19 to 1.31, suggesting that the contribution of this QTL may be mediated by body mass. 13 Ohman et al. 42 reported suggestive linkage in this region using obesity as a phenotype. This region has been linked to the respiratory quotient in Caucasians 43 and to fasting glucose. 44 The LOD score on the chromosome regions found on chromosomes 8 and 18 dropped to nonsignificant values after adjustment for BMI-Z Linkage analysis of circulating levels ME Tejero et al score, interestingly both of them have been linked to this trait in previous studies in adults. In summary, the present investigation identified novel chromosomal regions linked with circulating adiponectin levels on chromosomes 11, 8 and 18, and suggestive of linkage on chromosomes 3 and 10. The last two replicate findings in other populations. All the chromosome regions identified in the present study have been linked to obesity and diabetes-related phenotypes in adults across different ethnicities. Further fine mapping of these regions will allow the identification of genetic polymorphisms that influence the circulating levels of adiponectin.
